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13. ABSTRACT (Continued)

(3) Five modes of failure (shock, double shear, single shear, cavity expansion,
tensile stretching) of S$S-2 Glass composites during penetration with different
nose-shaped projectiles are identified. The shock stage is especially dominant
in flat nose-shape projectiles and a simple model is presented.
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SUMMARY

This report summarizes the results of research performed on ARO Contract No.
DAAL03-89-K-0031, on the Penetration Mechanics of Fiber Laminate Composites during
the period from January 1990 to March 1991. The report is divided into three sections.
Section 1 summarizes the high strain rate tensile properties of glass fibers. Sections 2 and
3 summarize the force measurements and deceleration of projectiles penetrating
composite targets, respectively. These latter sections are based on conference papers
that have been published in the course of progress in the same time period.

Section 1 is a summary of high strain rate tensile properties measurements of the
reinforcing fibers. Testing of roving bundles of S-2 Glass® fibers was performed using a
split Hopkinson bar at strain rates to 103 s-!. Two specimen designs were used. We
measured the mean dynamic tensile strength to be about 700 ksi with a standard deviation
of 150 ksi from one design and about 500 ksi with a standard deviation of 120 ksi from the
other. The disparity in the data is attributed to differences due to specimen gauge lengths
and stress concentrations that are to some degree artifact of the specimen design. The
manufacturer's measured quasistatic strength was about 535 ksi with a standard deviation
of about 16 ksi.

Section 2 is based on the paper that was submitted to the 23rd International
SAMPE Technical Conference, Kiamesha Lake, NY, October 1991. This section is a
summary of the measurements of forces exerted on different nose-shaped (conical,
hemispherical, and blunt) while penetrating GRP and KRP plates. 12.7 mm and 37.4 mm
thick and 50 mm in diameter GRP and KRP plates were launched in a gun barrel using
lexan sabots and caused to strike 7.6 mm diameter steel bar targets. The bars were
instrumented with manganin stress gauges. The mass of the projectile package (sabot and
flyer) was about 20 times that of the bar target. Consequently, the projectile did not siow
down appreciably during penetration through the flyer plate and the penetration took place
at practically constant velocity. The measured peak stress for flat, conical, or
hemispherical nose shapes penetrating into a 12.7 mm thick GRP at strike velocities of 544
to 659 m/s was 11 to 14 kbar. Measured peak stress in the case of 12.7 mm thick KRP
under the same conditions was 6 to 8 kbar. For 37.4 mm thick KRP flyer plates the peak
stress was about 10.5 kbar at a strike velocity of 680 m/s for the cone and hemispherical
nose shapes. For 37.4 mm thick KRP flyer plates, the penetration was steady state. The

vii




penetration mechanisms of the conical and hemispherical nose shapes were drastically
different from those of the blunt nose. The technique was validated by comparison to data
given in Section 3.

Section 3 is based on the paper presented at the Comvat Vehicle Survivability
Symposium, April 1991. The section begins with a summary of the measurement of
projectile deceleration into GRP targets in ballistic experiments. Post-shot targets were
sectioned and the sections examined visually in order to characterize the failure modes.
Five penetration stages were identified this way. The first being the shock stage,
especially dominant in flat nose projectiles, for which a simple model was presented. Other
failure modes were stipulated but no rigorous models to describe these were advanced. In
the discussion we present the possible application of data on tensile properties of fibers
(Section 1) to the stretching stage in the penetration process.
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SECTION 1
HIGH STRAIN RATE TENSILE TESTING OF S-2 GLASS® FIBERS

S-2 Glass® fiber roving bundles were tested with a split Hopkinson bar at strain
rates to 103/s. The modulus determined from measured stress-strain curves was
anomalously higher than the static value for roving bundles. The measured dynamic
strength was scattered below and above the quasi-static value for roving bundles. The
reduced strength of bundles at high rates is probably an artifact of the test fixture design.
The quasi-static engineering strength measured with the same fixture design agreed, after
a judicious correction within experimental error, with the quasi-static value of bundles. A
statistical analysis based on fiber residual stress distribution was developed. The analysis
to estimate the actual area of the specimen at peak foad was applied to the quasi-static
and with somewhat different interpretation to the dynamic tests on S-2 Glass® bundles to
predict the tensile strength ot S-2 Glass® monofilament.

1. INTRODUCTION

Fiber reinforced plastics (FRP) have been widely used as armor materials because
of their light weight, high strength, good structural and ballistic performance, and the
relative ease with which their properties can be custom processed. A large body of
published and proprietary data on ballistic performance of FRP suggests that the relative
content of resin and fibers, the type of fibers, weaving pattern, and curing process are
crucial to the ballistic performance of FRP. Bless and Hartman have recently evaluated the
ballistic performance of glass fiber reinforced plastic (S-2 Glass® GRP) panels against
50 caliber FSPs at velocities in the range of 500 to 3000 m/s(!]. They studied the effects of
resin type, glass weight, number of plies, and areal density on the ballistic limit. Benyami
et al. measured the deceleration of conical, hemispherical and blunt nose shape projectiles
intc S-2 Glass® GRP panelsl2l. Other studies have investigated the effects of transverse
strength and density on the penetration mechanism of thick GRPI3].

These data are useful for the development of empirical and numerical models for
the penetration process. Micromechanics based modeling of penetration into FRP requires
dynamic properties of these materials at strain rates characteristic of ballistic impact. One
of the important dynamic properties in this context is the compressive and tensile strengths
of the composites at high strain rates(4.5). However, to model the deformatinn and failure




processes of the FRP in a fundamental manner requires the high strain rate properties of
the constituent materials, resin and fiber. The high strain rate data on epoxy or resin has
been well documented. On the other hand, high strain rate data on different types of fibers
(carbon, glass, Kevlar) is very scarce.

Tsai and Schulmanl(®] tested bundles of fibers of coated and uncoated S-Glass with
gauge lengths of 1, 4, 10, 20 inches at quasi-static rates using a standard Instron machine.
For uncoated fibers, stress-strain curves from 1-inch gauge length samples were convex
with initial (elastic) modulus of 8.7x10€ psi and ultimate tensile strength of about 310 to
350 ksi. For 20-inch gauge length samples, stress-strain curves were essentially linear
with an initial elastic modulus of about 11.9x108 psi (37percent higher than that obtained
with 1-inch samples) and approximately the same ultimate strength. For coated strands of
fibers, the initial elastic modulus was about the same as for the uncoated fibers, but the
ultimate strength and strain to failure were 50 percent higher compared to uncoated fibers.

Tsai and Schulman assumed that the fibers exhibited a statistical strength
distribution and inferred the average strength of the filament from the tests on bundles.
Assuming that the fibers behaved elastically to failure, they postulated that deviation from
linearity in the stress-strain curve (quantified by the ratio of the secant modulus to the initial
modulus) represents exactly the fraction of intact fibers just below peak load. The
statistical analysis applied to the 1-inch specimen data produced a predicted value for the
strength of the monofilament of 565 and 600 ksi for the uncoated and coated fibers,
respectively. These values appear to be 16 to 20 percent lower than the value of the
quasi-static strength of the S-2 Glass® monofilament (713 ksi) given in Figure 1.1.

Serensen and Strelyaev’l in the Soviet Union developed a statistical analysis,
remarkably similar to what was done by Tsai and Schulmanl(€), to predict the filament mean
strength from tests on fiber bundles.

Armenakas et al.l8] conducted tests on (coated) single fibers of glass (of unknown
pedigree) with specimen lengths ranging from 12.7 mm to 127 mm (0.5-5 inches), at strain
rates ranging from 10-3/s to 10-1/s, in the temperature range of -60 to 150°F. They found
that:

(1) The depender.:e of strength on strain rate was greatest near room
temperature (70°F); at higher or lower temperature the dependence of
st’ength on strain rate was not so marked. Around 70°F the strength
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(3)

(4)

decreased by about 37 percent from about 205 ksi to about 130 ksi with
increasing strain rate in the range 10'3 to 10-1/s for a fixed 5-inch gauge
length.

The strength dependence on temperature was greater for lower strain rates
for a fixed gauge length. For a strain rate of about 10-3/s and a fixed gauge
length of 5 inches, the strength increased from 160 ksi at -60°F to a peak
value of about 205 ksi around 70°F (an increase of about 28 percent) and
then decreased rapidly at higher temperatures where at about 150°F the
strength attained a value of about 85 ksi (a decrease by about 59 percent
from the peak). At the higher strain rate of about 102/s the strength increased
from 150 ksi at -60°F to a peak of about 170 ksi near 70°F (a modest increase
of about 13 percent); at about 150°F the strength dropped down to about

85 ksi (a decrease of about 50 percent from the peak).

The strength decreased with an increasing gauge length from about 200 ksi
corresponding to a gauge length of 0.5 inch to about 130 ksi corresponding to
gauge length of 5 inches at a temperature near 70°F and strain rate of about
10-1/s (a decrease of about 35 percent).

The modulus was practically constant (about 12 x 108 psi) in the temperature
range -60 to 160°F and in the strain range of 10-3to 10-1/s.

Armenakas et al. fitted a statistical distribution of the Weibul form to their data and
derived a relationship between the parameters of the distribution and strain rate. The
statistical model then allowed them to predict strength with strain rate which were in good
agreement with the experimental results.

The present study on S-2 Glass® fibers was undertaken to characterize the strain
rate tensile behavior of these fibers at higher strain rates. We performed tests with a split
Hopkinson bar (SHB) at strain rates of the order of 102 to 103/s. Quasi-static tests at rates
of the order of 10-4/s were also performed. Two specimen designs with gauge lengths of
about § and 8 mm were used in both the quasi-static and the SHB tests. All the tests were
performed at ambient temperature (72°F). We carried out statistical analysis of the data,
similar to that of Tsai and Schulman, to predict the strength of a monofilament from the
measured specimen strength.
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TABLE 1.1

Typical Properties of Slightly Impregnated S-2
Glass® Fiber and ASTM Test Designation

Property ASTM No.
Density (lb/in3) 0.089-0.090 C693
Sound speed (ft/s) 19,200
Tensile strength (ksi) 530-620 D2343 (72°F)
Young's modulus (Msi) 12.5-13 D2343
Ultimate strain (%) 5.4-58 D2343

2. MATERIALS

The fibers were S-2 Glass® These were supplied by Owens/Corning Fiberglas
Corporation, Granville, Ohio in two forms: 463AA750 (750 yd/Ib) roving tow and G150
(1500 yd/lb) roving bundles (strands). The roving tow had 20 roving bundies (of
1500 yd/Ib), and each roving bundie had 204 filaments. The mean diameter of a filament
measured at about 0.036 inches (about 9 pm). Typical properties of slightly impregnated
S-2 Glass®fibers and the corresponding ASTM standard test designations are summarized
in Table 1.1. The D2343 designation refers to impregnated strands which are typically
60 percent glass by weight (50 percent by volume). The resin contribution to strength in
these strands is about 9 to 12 ksi. Figure 1.1 shows a tensile strength histogram and
Weibul distribution of hollow virgin filaments based on 128 testsl®l. The monofilament mean
tensile strength was measured at 713 + 9.5 ksi with a variance of about 2 percent. The
average tensile strength of 463AA750 roving tow that we actually tested was 534.7 +
15.8 ksi, based on 30 tests(®).

3. EXPERIMENTAL TECHNIQUE

As with most high rate testing, wave reverberations (ringing) in the specimen is the
most severe shortcoming. These wave reverberations induce stress gradients in the
specimen proportional to the rate and this causes anomalous strain and modulus
measurements.




A. The Split Hopkinson Bar

The split Hopkinson bar is generally used at strain rates of the order of 102 to
103/s. The split Hopkinson bar at the University of Dayton Research Institute consists of
0.5 inch diameter incident (108-inch long) and transmitting (72-inch long) bars made of
Inconel (yield strength = 36 ksi at 72°F, Young's modulus = 29 x108 psi, longitudinal wave
speed about 5 mm/us). The bar is used for both compressive and tensile testing{?0],
Figure 1.2 shows a schematic of the position-time diagram illustrating the wave
propagation in a split Hopkinson bar operating in the tensile mode. In this mode, the two
threaded ends of the test specimen are screwed into the threaded holes in the incident and
transmitter bars. When using a normal dog bone specimen, a 0.5-inch long (equal to the
gauge length of the specimen) cylindrical collar made of Inconel is placed around the test
specimen with its ends in good contact with the incident and transmitter bars. A 1-d stress
compression pulse, whose duration equals twice the transit time along the striker bar, is
produced in the incident bar on impact with the striker bar. The collar around the specimen
transmits the pulse, essentially unchanged and without disturbing the specimen, to the
transmitter bar on the other end of the specimen. In our tests with fiber the use of such a
collar was impossible, and the specimen fixture, itself of steel, having a comparable
impedance to that of Inconel, provided for the role of the collar. At the free end of the
transmitter bar the pulse reflects as a tensile pulse and propagates in the opposite direction
with essentially the magnitude of the compression pulse until it reaches the specimen. The
pulse is dissipated in straining the specimen and eventually failing it, with only the strength
of the specimen transmitted across. The technique is essentially equivalent to applying a
velocity boundary condition of magnitude equal to that of the incident velocity to one end of
the specimen while the other end is stationary. The bar is instrumented with two strain
gauges at 36 inches from the specimen. The strain € and stress o in the specimen were
reduced from the transmitted (et) and the reflected (g;) strain recorded by the two gauges
on the incident and transmitter bars, respectively. The strain € and the stress o in the
specimen can be reduced from the following equations

-2 t
E= —é‘j‘oa'dt
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where Cp, is the longitudinal bar wave speed, Lg, Ag, Ep, A, are the specimen gauge
length, specimen area, Young’s modulus of the bar, and bar cross-sectional area,
respectively.

The bar drawback listed in Table 1.1 is the position to which the triggering
mechanism is cocked. The actual distance by which the striker bar is pulled is obtained by
subtracting the drawback from 12 inches. A drawback of 6 inches would correspond to an
actual distance of 6 inches, a drawback of 7 inches would correspond to a distance of
5 inches, and so forth. Figure 1.3 shows the calibration curves of the force and striker bar
velocity as a function of drawback. A drawback of 10 inches for example would correspond
to a striker velocity of about 200 in/s and a force of about 2500 Ibs.

B. Specimen Design

Two specimen fixtures were designed as shown in the photographs in
Figure 1.4. These are subsequently referred to as types A and B. The fixtures material
was stainless steel. Gauge lengths for type A and B specimens were about 5 and 8 mm,
respectively. The two designs were intended to check that the measurements were truly
material properties and not an artifact of a particular design. Specimen design A was spool
type with the fibers wrapped around the spool ends; in type B the fibers were strung in a
groove between the ends of the specimen. In almost all of the tests, strands were
extracted from the roving tow. We adhered to very strict procedures to prevent damage to
the fibers. In spite of these precautions, some accidental or occasional damage was
incurred to the specimen. We believe that this slight damage was inconsequential to the
test results. The ends of fibers were secured to the specimens by means of epoxy (Epoxi-
Patch® 0151, shear strength of about 13 MPa (1.85 ksi) at 77°F). We exercised meticulous
care that epoxy may not seep into the gauge section, and whenever this happened by
accident the specimen did not fail there. As we progressed we varied the number of fibers
in each specimen These are listed in parentheses in column 2 of Table 1.2.

4, RESULTS AND DISCUSSION

We performed 45 tests: 38 with the split Hopkinson bar at strain rates of the order
of 102 to 103/s, and seven at a quasi-static rate of 10-4/s. Forty-one tests were performed
on roving strands extracted from 463AA750 roving tow, one test (test 45) on G150 single
strands, and three tests (tests 8, 9, 12} on piano wire. A high-speed (Imacon) camera, at
a framing rate of 10° frames/sec, was used in six tests (tests 16, 17, 18, 19, 20, and 21) to
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TABLE 1.2

Summary of Results

(Numbers in parentheses indicate number of bundles used in a specimen.)

Test Spec. Draw Strain Meas. Meas. Meas. Pred. Pred.
no. type back rate strength, failure secant fraction fiber
(No. {in) (1/8) op (ksi) strain  modulus, intact strength,
bundles) E, fiber, o./F
(Msi) F (Rsi)
2 A (352) 7 2400-3300 305 .11 5.5 .44 693
3 A (352) 7 384 .13 6.4 .51 753
6 A (352) 7 2600-3400 406 .08 .72 564
7 B (20) 9 620 247 .07 3.5 .28 875
13 A (640) 6 254 5.6 .45 564
14 B (40) 6 377 .055 6.8 .54 693
23 A (352) ~- static 212 .05 4.2 .34 625
24 B (40) -- static 212 .07 3.0 .24 883
25 A (352) 9 840-1120 470 . 045 9.5 .76 618
26 B (40) 10.5 480 690 .048 14.4
27 A (184) 10 1300-1500 400 .045 7.3 .58 690
28 B (60) 10 620~-700 620 .055 11.3 .90 689
30 B (60) 10 680 740 .057 13.0
31 B (60) 10 880 .055 16.0
32 B (60) 10 880 .074 11.9
33 A (172) 10 1000-1400 410 .072 5.7 .46 891
34 B (60) 10 570-720 740 .052 14.2
35 B (60) 10 570-720 540 .054 10 .8 675
k] A (40) 10 1300-1500 480 .06 8 .64 750
37 B (60) 10 320-600 460 .056 8.2 .66 697
38 A (44) 10 440-1040 560 .042 13.3
39 A (20) 10 740
40 A (40) - static 257 .07 .7 .30 857
41 A (40) -- static 249 .07 . 29 857
42 B (60) .- static 239 .066 . .29 828
43 A (40) == static 213 .06 6 .29 734
44 A (40) -~ static 228 .065 .5 .28 814
45 A (40) 10 420 .055 . .61 688




observe the location of failure of the fibers along the gauge length of the specimen and
also the mode of failure.

In Table 1.2 we list the actually measured specimen strength, which we shall
interchangeably use to signify the bundle strength oy, in the fifth column, the strain rate in
the fourth column, the measured ultimate strain in the specimen in the sixth column, the
measured secant modulus (the slope of stress-strain curve between zero and peak stress)
in the seventh column, the predicted fraction F of intact fibers at peak load in the eighth
column, and the predicted filament strength o; (c,/F) in the last column. The latter two
quantities are introduced in Paragraph C and fully discussed there. The numbers in
parentheses next to specimen type indicate the number of bundles in each specimen.

A. Quasi-static Test Results

We tested seven specimens at quasi-static rates of the order of 10-4/s.
Figure 1.5 shows the load-displacement curves produced in quasi-static tests with
specimen A (test 44) and specimen B (test 42), respectively. The engineering strength
resuits are given in column five of Table 1.2. The measured engineering strength
averaged about 232 ksi and 226 ksi for types A and B, respectively, and therefore was in
good agreement between the two specimens. There was no apparent relationship
between the number of bundles per specimen and the measured strength. However, op
was about half that of the catalog (measured per ASTM2343). In the static tests with type
A only half the sections failed, at which time the MTS machine was immediately shut off;
the other sections were apparently undamaged. We can assume that only half of the
sections supported the load. Accordingly, we believe the engineering strength should be
increased by a factor of 2. There was, however, no such obvious correction for specimen
B. In that particular specimen the fibers appeared to have failed at the grips at the ends of
the gauge section, probably di'e to high stress concentration in these areas.

B. Dynamic Test Resuits

Figure 1.6 depicts the results from a rather typical test with the split Hopkinson
bar (test 30). Figure 1.6 (a) shows the measured stress-strain curve and 1.6 (b) the stress
or strain rate-time curves. As seen in Figure 1.6 (b) the strain rate is essentially constant
after a ramp up period then decreases monotonously as the stress increases up to the
peak. The average strain rate listed in Table 1.2 was derived as illustrated in
Figure 1.6 (b). Figures 1.7 (a) and 1.7 (b) depict stress-strain curves showing the effect of
strain rate on strength. Considering the scatter of data that is typical of Hopkinson bar
testing, no such effect was conspicuous. Figures 1.8 (a) and 1.8 (b) are plots of the
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stress-strain curves obtained for approximately the same strain rate. The scatter in the
data was typical of the scatter common to Hopkinson bar data; although, the scatter
produced with type A was greater than that in type B. Figure 1.9 is a plot of the stress-
strain rate obtained with specimen type B with the same striker velocity. Itis shown that
the scatter is within reasonable experimental error. Again, the scatter was greater for type
A.

The test results are documented in Table 1.2. It is noteworthy to digress on
the results of 10-inch drawback tests since these were by and large the most extensive. In
these tests it is shown that the average strain for type A was about 1333 s-! (tests 27, 33,
and 36), double that for type B of about 658 s-1 (tests 28, 30, 34, and 35). We do not fully
understand the reason for this difference in strain rates (it might be due to the difference in
gauge fengths between the two specimen types). The average measured strength was
430 ksi for type A (tests 27, 33, and 36) and 660 ksi for type B (tests 28, 30, 34, and 35), or
about 50 percent higher than that of type A.

In tests 37, 38, and 39 we ramped the loading pulse by putting a 0.5-inch
diameter, 0.25-inch thick lexan disk between the striker bar and the transmitter bar. The
ultimate strains we measured in these tests are extremely low. The reason being that
having ramped the pulse we increased its width from 300 us to 392 ps; the compressive
wave reflected from the specimen and superimposed on the trailing edge of the tensile
wave (reflected from the free end of the incident bar), which had not entirely cleared the
gauge. In fact, for about 32 ps in the beginning, the gauge records the superposition of
these waves and therefore the strain in the specimen is irreducible. The strength,
however, should be valid since it is reduced from the other gauge. This can be seen in test
39, where the measured strength is about 740 ksi, and the measured strain is too low at
about 3 percent. In order to circumvent this, the allowable pulse width must not exceed
360 ps. For this reason, the thickness of the lexan disk must be about half of that used,
but we did not pursue this further.

We experimented with pretensionihg the specimen by using a wedge that was
designed to displace the specimen (type A only) by a maximum of 0.5 mm. In test 45, the
only test with G50 strands, such a wedge was used. We measure a strength of about
210 ksi, and an estimated ultimate strain of about 3 percent, based on a gauge length of
about 8 mm. The reason for these low measurements, we believe, is the residual stress
induced by pretensioning. Assuming that a wedge displacement of about 0.25 mm was
imposed on the specimen, then it was strained by 0.25/(8-0.25) = 3 percent, and assuming




a linear stress-strain relationship, then at about 3 percent the stress is about 210 ksi
(inferred from the measured stress-strain curve). The actual stress and strain in the
specimen are then 2 x 210 = 420 ksi and 2 x 0.03 = 0.06, respectively.

Subsequently, we present a method for inferring the strength of a single fiber
from the tests on bundles of fibers. The method, based on slack distribution of fibers, is
analogous to that in reference (2], which was based on distribution of strength of fibers.

C. Statistical Analysis

The following analysis is based on the thesis that the fibers, especially those
at the core of the bundle, initially have slack that leads to progressive failure rather than
simultaneous failure of all the fibers, that this manifests itself in nonlinear (concave) stress-
strain curves yielding low modulus. A fiber slack distribution based probabilistic analysis
aims at inferring the single fiber strength from tests on bundles.

Let f() be the probability density function representing the slack distribution in
the fibers. Then F(g) the cumulative probability function represents the fraction of the
number of fibers with slack g5 < €. F(g) is by definition

Fle)= :of(x)dx

Let N be the number of fibers present in a specimen, A the area of the specimen, A, the
area of a single fiber, and E; the modulus of a single fiber. Then the average stress in the
bundle at a strain € is approximated by

LI INT: I PN
O'b(e) A;N = Ax(e x)E1A1

or given exactly by

F(X)

c (s) AJ N——e- x)E1A1dx

Using NA, = A, we derive the slope of the stress-strain curve at e

do
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It can be shown that the differentiation of the integral leads to

do
E = F(E)E‘
Then F(e) is given by
Jc
b
=08
Fle)=—¢
1
And the monofilament strength is given by
%
%"

The last two equations are very important. The first provides us with the
fraction of the number of fibers supporting the peak load and the second allows us to
predict the monofilament strength by correcting the actually measured specimen

engineering strength. It should be observed that unlike the results in references (1, 2, and
3], F is independent of the form of the probability density function. Technically one should

derive F(g) from the average slope of the straight line segment of the stress-strain curve,
and use E,, the elastic modulus of the monofilament, at the rate the test is conducted.
Cagnouxl11], in his thesis, presented data on shock loaded pyrex glass (strain rate

105 s-1). The measured initial elastic modutus from these data was about 75 GPa. This

was within 1 percent of the modulus typically measured in an acoustic test, which is typical
of strain rates of the order of 1 s-1 or less. Since there is no evidence that the modulus of

bulk glass at these rates differs from the static values, we approximated E, by its static

value. The tangent slopes of our - curves were highly variable. We believe this was due
to sample ringing so we approximated doy/de by the slope of the secant between zero and

peak stress. Specifically, we use for E the value 12.5 Msi, the Young's modulus for
impregnated strands (per ASTM D2343).

Details of applying the analysis to the static and dynamic tests are discussed

in the next two sections. Results of the predictions are given in the last two columns of
Table 1.2.
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(1) Static Tests

We performed seven static tests with an MTS machine. A load-
displacement (stress-strain) curve from a static test is shown in Figure 1.5. The curve is
initially concave and slightly convex near the peak. The slope da/d¢ < 12.5 along the
curve. Tests 23, 40, 41, 43, and 44 were with type A, and tests 24 and 42 with type B.

The measured secant modulus was about 3 to 4 x 108 psi, the measured peak stress (peak
load divided by the original area) was about 212 to 257 ksi, the measured bundle ultimate
strain was about 5 to 7 percent. Applying the analysis, the predicted fraction was 0.29 to
0.54 and the predicted monofilament strength was 625 to 857 ksi. These results are given
in Table 1.2.

(2) Dynamic Tests

A stress-strain curve from a dynamic test under typical conditions is
shown in Figure 1.6. The curve is initially concave-like in the static tests, but then
intermediately it has a very high slope, substantially higher (1.5 to 5 times more) than the
static handbook value of 12.5 Msi for slightly impregnated specimens.. The analysis was
applied with do/de set equal to the slope of the stress-strain curve between zero and peak
stress levels. (Some curves had a double peak feature, with low strength, and these we
analyzed up to the first peak.) Itis worthwhile to elaborate on the 10-inch drawback tests
(14 tests). The measured (bundle) strength, measured ultimate strain, measured secant
slope, were respectively in the range 540 to 740 ksi, 5.2 to 7.4 percent, and, and 8.2 to 16
x 108 psi, for type B, and 400 to 740 ksi, 4.2 to 7.2 percent, and 5.7 to 13.3 x 108 for type
A. The predicted F value and predicted monofilament strength o; were respectively in the
range 0.66 to 1.33, 675 to 880 ksi (for F > 1, ;= gy,) for type B, and 0.46 to 0.64, 688 to
841 ksi for type A. These results are summarized in Table 1.2. The agreement between
the predicted monofilament strength from the two specimen types was excellent.

5. CONCLUSIONS

We tested S-2 Glass® fiber at high tensile strain rates to 103 s-1 using a split
Hopkinson bar and two specially designed specimens. Results with specimen A at quasi-
static rate of the order of 10-4/s agreed, after judici<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>